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We have reported that several silkworm strains are permissive to intrahemocoelical infection of Autographa californica nucleopolyhe-
drovirus (AcNPV), contrary to the general belief that AcNPV cannot infect silkworm. In the present study, we address whether the
intrahemocoelical infection of AcNPV to the silkworm was an exceptional phenomenon, and the possible genetic basis underlying it. Wilder
range test of 31 strains of silkworm Bombyx mori for intrahemocoelical AcNPVinfection led to the identification of 14 permissive strains and 17
nonpermissive strains, indicating that the intrahemocoelical infection of AcNPV to the silkworm was not a rare and isolated phenomenon.
Productive infection was shown in permissive silkworms, by EGFP fluorescence in various tissues when expression of reporter gene controlled
by a very late viral promoter polh. The viral titer in larval hemolymph of permissive silkworms increased and maintained at a higher level
hundredfold more than the initial amount of virus, indicating viral replication. A series of genetic cross experiments suggested the existence of
only one dominant host anti-AcNPV gene or a set of genetically linked genes, which prevent AcNPVinfection in nonpermissive silkworm strain
Qingsong and are absent in permissive silkworm strain Haoyue.
D 2005 Elsevier Inc. All rights reserved.Keywords: AcNPV; Intrahemocoelical infection; Silkworm; Dominant host anti-AcNPV gene
Introduction its development as a bio-pesticide (Miller, 1995; Mishra,Baculoviruses are characterized as large double-
stranded DNA genomes encapsulated within rod-shaped
enveloped virions. They have been isolated only from
arthropods and have relatively narrow host ranges.
Autographa californica nucleopolyhedrovirus (AcNPV),
the type member of the virus family Baculoviridae, could
infect a relatively wide number of hosts, 39 species of
lepidopteran larvae belonging to 13 families (Entwistle
and Evans, 1985; Bonning and Hammock, 1992) and
replicate in their derived cell lines such as Tn368, Sf 21, and
Sf 9 cells. Since many of the AcNPV permissive insects are
pest insects, the virus has been a popular subject of studies for0042-6822/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2005.06.045
* Corresponding author.
E-mail address: cdlu@sibs.ac.cn (C. Lu).1998). So, study on the virus–host interaction between
AcNPV and its permissive or nonpermissive hosts would
provide many insights into the mechanisms underlying host
range determination of the virus as well as the possible
ecological influence when applying the virus as a bio-
pesticide. Some viral genes have already been identified as
involved in host range determination of the virus on cell
culture level or on the insect level (Miller and Lu, 1997), but
there are no host genes reported to be involved in the
susceptibility of host to AcNPV.
As a domestic insect of great economic and scientific
importance, the silkworm B. mori has already been studied
for its susceptibility to wild type AcNPV and recognized as
nonpermissive to AcNPV infection either oral or intra-
hemocoelical (Shikata et al., 1998; Yamao et al., 1999),
although the virus shares over 90% genome identity (Gomi et
al., 1999) with BmNPV, whose native host is silkworm. And05) 231 – 237
Fig. 1. Illustration of generation of recombinant AcNPV bacmid
AcphegfpDEGT. EGFP ORF was inserted into the MCS of pFastBacHTb
to generate donor plasmid pFBPHGFP. EGFP cassette under the control of
polh promoter was then transferred into the att b site (indicated by right and
left insertion sites, Tn7R and Tn7L) in the polyhedrin locus of the egt-null
AcNPV bacmid by Tn 7-based transposition.
Fig. 2. Productive infection can be achieved in Sf 9 cells but not BmN cells
as was revealed by green fluorescence derived from EGFP expression after
incubation of AcphegfpDEGTwith Sf 9 or BmN cells at MOI 10. Photos in
left panels showed fluorescent image; right panels showed bright light
image. (A) Sf 9 cells incubated with AcphegfpDEGT for 3 days; (B) BmN
cells incubated with AcphegfpDEGT for 3 days (observed by Olympus
BX50, Japan).
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posable element has been successfully applied in the trans-
genesis of the silkworm since the virus could deliver foreign
genes to silkworms in vivo without lethal infection of
the insects (Yamamoto et al., 2004). It was reported that
alteration of AcNPV p143, the DNA helicase of the virus to
that of BmNPV, could expand the host range of AcNPV to the
silkworm B mori and its derived BmN cells (Maeda et al.,
1993; Croizier et al., 1994). Further detailed analysis revealed
that the amino acid substitutions of S564 to N and F577 to L
in AcNPV p143 are sufficient to kill the silkworm when the
virus mutant was injected into hemocoel of silkworm larvae
(Argaud et al., 1998).
However, our recent work showed that intrahemocoelical
infection of AcNPV in some strains of silkworm B. mori
does not require these amino acid substitutions in AcNPV
p143 (Guo et al., 2005). The recognition of a few AcNPV
permissive silkworm strains intrigued us to investigate
whether the infection of AcNPV to silkworm is a common
phenomenon and the genetic difference between AcNPV
permissive silkworms and nonpermissive silkworms.
The ecdysteroid UDP-glucosyltransferase (EGT) gene, a
nonessential early gene of AcNPV, can inactivate the insect
ecdysteroids using a sugar conjugation reaction, which
results in prolonged larval instar and excess production of
virus in hosts (O’Reilly et al., 1991, 1992). The EGT gene
has also been demonstrated to be responsible for the molting
and metamorphosis alternation of silkworm B. mori and
even cause death of the insect (Shikata et al., 1998). When
evaluating the possibility of application of recombinant
AcNPV as a gene delivery and transient expression vector
for silkworm in vivo by intrahemocoelical infection, besides
the inefficiency of AcNPV vector as compared to BmNPV,Moto et al. also observed the failure of silkworm pupation
and death of the insects presumably due to inactivation of
ecdysteroids by AcNPV EGT (Moto et al., 2003). So, to
dispel the physiological influence of EGT gene on the
silkworm and clearly demonstrate death of the insects
caused by productive infection of AcNPV, we apply the
EGT-null recombinant AcNPV in our previous (Guo et al.,
2005) and present study. In the present study, we show that
the susceptibility of silkworm to intrahemocoelical infection
of AcNPV is a common phenomenon. Productive infection
of AcNPV was revealed in 14 out of 31 silkworm strains we
tested, by high viral titer in larval hemolymph and EGFP
fluorescence in tissues such as hemocytes, fat body, and silk
gland. The genetic difference between a permissive silkworm
strain and a nonpermissive strain was addressed by a series of
genetic cross experiments, and the results suggested the
existence of only one dominant host anti-AcNPV gene or a
set of genetically linked genes, which prevent AcNPV
infection in nonpermissive silkworms and are absent in
permissive silkworms.Results
Recombinant AcNPV harboring polh promoter-driven
EGFP
Polh promoter-driven EGFP cassette has been trans-
ferred to the bacmid AcDEGT to generate the recombi-
Table 1
Assay of permissiveness of silkworm strains to AcNPV infection
Silkworm strain Number of
larvae
injecteda
Number of
infected
larvaeb
Number of
larvae dead
for other
reasons
Permissive to
AcMNPV
infection
European strains
Luobendihong 30 28 2 Yes
Baohuang 30 28 2 Yes
Hungary 28 25 3 Yes
Italy16 30 0 1 No
France403 30 0 2 No
Chinese strains
Dazao 30 27 3 Yes
Qiansanmian 30 26 4 Yes
Datuanyuan 30 26 4 Yes
Ankang 30 29 1 Yes
Lan 5 30 30 0 Yes
Yanji 30 0 0 No
Handan 30 0 0 No
Deqing No.1 30 0 0 No
Zhugui 30 0 1 No
Balinghuang 30 0 0 No
Ermao 30 0 2 No
Hua10 30 0 2 No
Hua9zhuan 30 0 0 No
Hua8xinzhen 30 0 1 No
Japanese strains
Ri110 30 29 1 Yes
Dongfei 30 30 0 Yes
Su16 30 30 0 Yes
Su14 30 28 2 Yes
YingHXZ 30 26 4 Yes
Haoyue 30 27 3 Yes
Ri112 30 0 0 No
Ri120 30 0 0 No
Yingwen 30 0 1 No
Zhen1 30 0 3 No
Zhen5 30 0 0 No
Qingsong 30 0 3 No
a AcphegfpDEGT BV was injected into the hemocoel of newly ecdysed
5th instar larvae of different strains at the amount of 2  105 pfu per larva.
b Infected larvae were determined by EGFP fluorescence on larval body
surface and death of the larvae caused by AcNPV infection.
Fig. 3. Green fluorescence observed in tissues of silkworm larvae. After
injection of recombinant AcNPVAcA3egfpDEGT of 2  105 pfu per larva,
different tissues were dissected and observed. Photos in left panels showed
fluorescent image; right panels showed bright light image. (A) Larval body
surface at 3rd day post injection; (B) fat body at 3rd day post injection; (C)
trachea at 6th day post injection; (D) silk gland at 6th day post injection
(observed by Leica MZ FL III, Switzerland).
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of the recombinant baculovirus AcphegfpDEGT was
produced by transfection of Sf 9 cells with recombinant
bacmid. Recombinant AcphegfpDEGT BV was incubated
with Sf 9 cells and BmN cells at MOI of 10, respectively,
and productive infection of baculovirus was achieved
in Sf 9 cells but not BmN cells as was revealed by
observation of green fluorescence derived from expression
of EGFP controlled by polh promoter (Fig. 2). So, the
recombinant AcphegfpDEGT used in our experiments did
not expand its host range to BmN cells, consistent with
the results of previous investigation in which the AcNPV
strain did not have a p143 mutant (Morris and Miller,
1993).Assay of permissive and nonpermissive silkworm strains for
AcNPV infection
31 strains of silkworm B. mori, including 5 kinds of
European strains, 14 kinds of Chinese strains, and 12 kinds
of Japanese strains were tested for productive infection
of AcNPV (Table 1). BV of recombinant baculovirus
AcphegfpDEGT was injected into the hemocoel of newly
ecdysed 5th instar larvae of different strains at the amount
of 2  105 pfu per larva. 3–7 days after injection, strong
green fluorescence derived from expression of EGFP
reporter was observed on larval body surface of 14
permissive strains (Fig. 3A) and these silkworms finally
died about 8 days after injection, staying larval stage. For
those nonpermissive strains, no green fluorescence was
observed on body surface of larvae and silkworms
continued their development normally the same as those
Fig. 4. Time course of viral titer dynamics in hemolymph of permissive
silkworm larvae after injection of AcphegfpDEGT at a series of tenfold
dilution from 2  103 to 2  105 pfu per larva. Every data point represents
titer determination with the hemolymph collected from 5 larvae, using
TCID50method.g, 2105 pfu per larva;˝, 2 104 pfu per larva;D, 2 103
pfu per larva.
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At 4th day post viral injection, baculovirus titers in larval
hemolymph of several permissive and nonpermissive silk-
worm strains were also determined (data not shown) to
confirm whether virus replication occurred in vivo. Viral
titers were maintained between 106 and 108 pfu/ml in larval
hemolymph of permissive strains including Luobendihong,
Ankang, Ri110, and Dongfei, but were undetectable in
larvae of nonpermissive strains including Qingsong, Hua10,
and Ri120.
Genetic analysis of the susceptibility of silkworms to AcNPV
infection
For test of permissiveness to AcNPV infection, the
newly ecdysed 5th instar larvae of cross strains received
injection of AcphegfpDEGT BV at the amount of 2  105
pfu per larva. AcNPV infection of silkworms was deter-
mined by green fluorescence observation and later death of
larvae post injection. As was shown in Table 2, Haoyue 
Qingsong including both Qingsong (9)  Haoyue (S) and
Qingsong (S)  Haoyue (9), the cross between permis-
sive strain Haoyue and nonpermissive strain Qingsong was
totally nonpermissive to AcNPV infection. This indicated
that the genetic trait of silkworm’s resistance to AcNPV
infection is dominant and not sex-linked. Backcross of
Haoyue  Qingsong to permissive Haoyue produced a
distribution ratio of 1:1 for permissive and nonpermissive
offspring. Offspring generated by backcross of Haoyue 
Qingsong to nonpermissive Qingsong were totally non-
permissive to AcNPV infection. Inbred of Haoyue 
Qingsong produced a distribution ratio of 1:3 for permissiveTable 2
Genetic analysis of the susceptibility of silkworms to AcNPV infection
Silkworm strain Number
of larvae
injected
Number
of
infected
larvae
Number of
larvae dead
for other
reasons
Ratio of
permissive to
nonpermissivea
Qingsong 30 0 3
Haoyue 30 28 2
Qingsong (9) 
Haoyue (S)
30 0 0
Qingsong (S) 
Haoyue (9)
27 0 0
Inbred of
Qingsong  Haoyue
164 38 2 1:3b
Backcross of
Qingsong 
Haoyue to Qingsong
63 0 1
61 0 1
Backcross of
Qingsong 
Haoyue to Haoyue
60 32 2 1:1c
62 30 1
a Ratio of permissive to nonpermissive was determined by comparing
number of infected larvae to number of injected silkworms with normal life
span.
b Standard deviation is 0.0190.
c Standard deviation is 0.0622.and nonpermissive offspring, following Mendel’s law of
segregation. The series of genetic cross experiments indi-
cated the existence of only one genetic factor or a set of
genetically linked factors as the dominant inhibitor of
AcNPV infection in nonpermissive silkworms, which was
absent in permissive silkworms.
EGFP reporter revealed productive infection of AcNPV in
the permissive silkworm strain Haoyue
BV of recombinant baculovirus AcphegfpDEGT was
injected into the hemocoel of newly ecdysed 5th instar larvae
at 2  105 pfu per larva. Strong green fluorescence derived
from EGFP expression was observed in tissues such as
hemocytes, fat body, and silk gland, but not in trachea (Fig.
3), Malpighian tubules, and midgut. Even the body color of
larvae turned green under bright light 6 days post injection.
The infected insects died, staying as larvae, usually at 8–9
days post injection.
Baculovirus titer increased and maintained in larval
hemolymph of permissive silkworm strain Haoyue
BV of recombinant baculovirus AcphegfpDEGT was
injected into the hemocoel of newly ecdysed 5th instar larvae
of Haoyue at a series of tenfold dilution from 2  103 to 2 
105 pfu per larva. At 3rd, 5th, and 7th days post injection,
hemolymph was collected from larvae as supernatant after
separation of hemocytes by centrifugation and the titers of
baculovirus in hemolymph were measured. As was shown in
Fig. 4, virus titers in homolymph increased and stayed stably
between 107 and 108 pfu/ml, indicating viral replication.Discussion
The insect silkworm has been initially thought to be
nonpermissive to AcNPV unless the virus carried genetically
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silkworm for AcNPV infection revealed 14 of them could be
infected by AcNPV with wild type p143, when BV was
directly injected into the hemocoel of newly ecdysed 5th
instar larvae, indicating that the susceptibility of the silkworm
to AcNPV may be a common phenomenon. The permissive
strains did not show region specificity since they could be
found among either European, Chinese, or Japanese strains
we tested.
In this study, the recombinant baculovirusAcphegfpDEGT
carried the EGFP reporter driven by the very late viral polh
promoter. Polyhedrin protein is expressed only in very late
stage of viral infection to complete the occlusion body
assembly and production of occlusion-derived virus (ODV).
The observation of strong green fluorescence in larval body
surface, hemocytes, fat body, and silk gland of permissive
silkworm larvae after injecting recombinant baculovirus
revealed the high activity of polh promoter and severe
infection of AcNPV in the insect.
This permissiveness of silkworm to AcNPV is associated
with virus replication and viral titer maintenance. In previous
reports (Shikata et al., 1998; Yamao et al., 1999) where the
silkworm was reported to be nonpermissive to intrahemo-
coelical infection of AcNPV, viral titer in hemolymph
dropped and even became undetectable several days post
injection of about 107 pfu BV into newly ecdysed 5th instar
larvae. However in our work, viral titers were maintained
between 106 and 108 pfu/ml at 4th day post initial injection
with only 2  105 pfu, in larvae of permissive strains
including Luobendihong, Ankang, Ri110, and Dongfei, but
were undetectable in larvae of nonpermissive strains includ-
ing Qingsong, Hua10, and Ri120. More impressive, when
the virus was injected into the hemocoel of larvae initially at
a series of tenfold dilution from 2  103 to 2  105 pfu
per larva, virus titers in hemolymph of the infected larvae
of permissive strain Haoyue all increased to 107–108 (Fig.
4). A silkworm larvae at its 5th instar usually has 0.5–1
ml hemolymph; an increase of viral titer from 2  103 to
107–108 pfu/ml indicated the virus replicated at least
10,000-fold, since virus levels in other tissues were not
included. The dramatic increase and stable high level of
viral titer in larval hemolymph confirmed that AcNPV
infection was productive and suggested that several days
post injection of AcNPV, there may be a dynamic balance
between virus propagate in tissues and virus degradation in
hemolymph of the insect.
Previous research on determinants of AcNPV host
range focused on identifying viral genes. Five baculovirus
genes have been shown to influence the ability of
AcNPV to replicate in certain insect cell lines or insect
larvae: the antiapoptotic inhibitors p35 (Clem and Miller,
1993) and iap (Birnbaum et al., 1994), the viral DNA
helicase p143 (Maeda et al., 1993), host cell-specific
factor hcf-1 (Lu and Miller, 1996), and host range factor
hrf-1 genes (Thiem et al., 1996). P143 gene with amino
acid substitutions of S564 to N and F577 to L allows theAcNPV mutant to replicate in BmN cells and silkworm
(Croizier et al., 1994; Argaud et al., 1998). So far, no
host genes have been reported to be involved in
susceptibility of silkworms to AcNPV. And the series
of genetic cross experiments we did in this work
indicated that a single silkworm factor (or genetically
linked factors) is responsible for the insect’s resistance to
AcNPV.
What this factor is and how the factor inhibits the process
of viral infection need to be further investigated. One
possibility is that this factor directly and specifically inhibits
the propagation of AcNPV. It may halt viral entry into host
cells, or viral replication in cells or inhibit transcription and
expression of certain viral genes that are essential for the
infection process. It has been reported that nearly all of the
154 genes of AcNPV appeared to be expressed in both Sf 9
and BmN cells although the peak expression levels of these
genes were delayed by roughly 12 h in the nonpermissive
BmN cells. And surprisingly, 74 genes of AcNPV were
expressed at higher level in BmN cells than in permissive Sf
9 cells by 2-fold (Iwanaga et al., 2004). Whether the delay
and enhanced expression of certain AcNPV genes also
occurred in the AcNPV-infected silkworm larvae has not
been investigated yet. The expression pattern of AcNPV
genes at the immediately early, early, late, and very late
stages of viral infection needs to be assayed in larvae of both
permissive and nonpermissive silkworm strains. And it may
provide insights into the mechanisms by which expression
of viral genes is selectively suppressed or enhanced by host
factors, which make AcNPV infection halted at certain stage
of infection.
Another possibility is that this factor does not directly
inhibit the propagation of AcNPV, but restricts viral
pathogens with some general defense mechanisms. For
example, a B. mori lipase (Ponnuvel et al., 2003) and a
serine protease (Nakazawa et al., 2004) have been purified
from the digestive juice of silkworm larvae showing strong
antiviral activity against BmNPV in vitro. However, the
antiviral function of these genes has not been demonstrated
in vivo.
Baculovirus infection in insect hosts could be initiated
either by feeding virus to the insects or intrahemocoelical
injection of the virus. We investigate the intrahemocoelical
infection of AcNPV to silkworm, but not oral infection for
two considerations. Firstly, direct injection of AcNPV BV
into hemocoel of silkworm larvae will exclude the possible
difference produced during the process of virus spreading
from mouth to hemocoel among different strains of
silkworm, and so simplify the detection and character-
ization of the genetic difference between permissive
silkworm strains and nonpermissive silkworm strains.
Secondly, the process of intrahemocoelical infection in
individual larva could be better synchronized than that of
oral infection, since direct injection of AcNPV BV into the
insect larvae provided accurate control of the amount of
virus released into larval hemolymph as beginning of the
T. Guo et al. / Virology 341 (2005) 231–237236infection. And the synchronization of the initial infection is
important for the time course study of the infection
process.
No host gene has yet been reported to be directly
involved in susceptibility of silkworms to AcNPV. How-
ever, our work clearly indicated the existence of some
related gene or genetically linked genes which may be
dominant inhibitors of AcNPV intrahemocoelical infection
in nonpermissive silkworms but absent in permissive
silkworms. It’s surprising that strains of the same species
show completely distinct difference towards infection of
certain virus and there seems to be only one antiviral gene or
genetically linked genes involved. Identification of the gene
or these genes will provide insights into the molecular basis
of viral host range restriction and how organisms evolve
inhibitor genes or certain defense mechanisms to prevent the
viral infection. Besides, better understanding of virus–host
relationship between AcNPVand silkworms will be a part of
assessment for the safe use of the baculovirus as a gene
expression vector or a bio-pesticide.Materials and methods
Construction of recombinant AcNPV bacmid
EGFP ORF from pEGFP-N3 (Clontech) was digested
with BamHI/XbaI and ligated into the same sites in plasmid
pFastBacHTa (Invitrogen) to generate the donor plasmid
pFBPHGFP. pFBPHGFP was transformed into E. coli
DH10BacDEGT cells (Guo et al., 2005) to construct recom-
binant bacmid AcphegfpDEGT. Generation of the recombi-
nant bacmid followed the instruction manual ‘‘Bac to Bac
baculovirus expression systems’’ (Invitrogen).
Silkworm strains, cell lines, bacteria strain, and virus
B. mori strains were provided by the Sericultural Research
Institute, Chinese Academy of Agricultural Sciences
(Zhenjiang, China). The Sf 9 and BmN cells were
maintained in Grace’s medium (GIBCO BRL) supple-
mented with 10% fetal bovine serum (GIBCO BRL) at
27 -C. E. coli strain DH10BacDEGT was established in our
lab and described in a previous report (Guo et al., 2005).
Generation and large-scale harvest of recombinant baculo-
virus followed the instruction manual ‘‘Bac to Bac
baculovirus expression systems’’ (Invitrogen) using Sf9
cell line. Stocks of virus were concentrated by centrifuga-
tion at 35,000  g for 60 min, and pelleted virus was
resuspended in phosphate buffered saline (PBS, pH 7.5)
supplemented with 1% (vol/vol) fetal bovine serum before
being stored at 70 -C or subjected to insect injection.
Virus titer was determined by a Tissue Culture Infectious
Dose 50 (TCID50) method, which is based on end-point
dilution and described in ‘‘adenovator vector system’’
(Qbiogene).Insect inoculation and dissection
Larvae of B. mori strains were routinely reared on
mulberry leaf. Recombinant baculoviruses were injected
into the hemocoel of newly ecdysed 5th instar larvae. For
monitor of virus titer dynamics in silkworm hemolymph and
analysis of EGFP reporter expression in tissues, larvae were
dissected at indicated times. Hemolymph was collected as
supernatant after separation of hemocytes by centrifugation
at 4000  g for 5 min. Tissues of hemocytes, fat body, silk
gland, Malpighian tubules, and middle gut were collected
after having been rinsed in phosphate buffered saline (PBS,
pH 7.5).
Fluorescence observation
Fluorescence of EGFP in culture cells and tissues of
the silkworm was observed with fluorescence micro-
scope (Leica MZ FL III, Switzerland or Olympus BX50,
Japan).
Genetic cross analysis
In every test of the offspring’s resistance to AcNPV
infection, 30 female moths were mated with 30 male moths
in pairs to produce siblings. All 30 siblings were mixed and
reared to produce offspring, from which larvae for virus
injection were randomly chosen.Acknowledgments
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